Hispanic women in the USA have lower breast cancer incidence than non-Hispanic white (NHW) women. Genetic factors may contribute to this difference. Breast cancer genome-wide association studies (GWAS) conducted in women of European or Asian descent have identified multiple risk variants. We tested the association between 10 previously reported single nucleotide polymorphisms (SNPs) and risk of breast cancer in a sample of 4697 Hispanic and 3077 NHW women recruited as part of three population-based case-control studies of breast cancer. We used stratified logistic regression analyses to compare the associations with different genetic variants in NHWs and Hispanics classified by their proportion of Indigenous American (IA) ancestry. Five of 10 SNPs were statistically significantly associated with breast cancer risk. Three of the five significant variants (rs17157903-RELN, rs7696175-TLR1 and rs13387042-2q35) were associated with risk among Hispanics but not in NHWs. The odds ratio (OR) for the heterozygous at 2q35 was 0.75 [95% confidence interval (CI) = 0.50-1.15] for low IA ancestry and 1.38 (95% CI = 1.04-1.82) for high IA ancestry (P interaction 0.02). The ORs for association at RELN were 0.87 (95% CI = 0.59-1.29) and 1.69 (95%  CI = 1.04-2.73), respectively (P interaction 0.03) . At the TLR1 locus, the ORs for women homozygous for the rare allele were 0.74 (95% CI = 0.42-1.31) and 1.73 (95% CI = 1.19-2.52) (P interaction 0.03). Our results suggest that the proportion of IA ancestry modifies the magnitude and direction of the association of 3 of the 10 previously reported variants. Genetic ancestry should be considered when assessing risk in women of mixed descent and in studies designed to discover causal mutations.
Introduction
Hispanic women in the United States (US) have a lower incidence of breast cancer compared with non-Hispanic white (NHW) women (1) . In 2002-2006, age-adjusted breast cancer incidence rates in US NHWs and African Americans were 123.5 and 113.0 per 100 000, respectively, compared with 90.2 per 100 000 in US Hispanic women (1) . Hispanics are a genetically admixed population with European, Indigenous American (IA) and African descent. We have shown previously that higher European ancestry among Hispanics in the USA and Mexico is associated with increased breast cancer risk (2) (3) (4) , and we have mapped at least one locus that may explain this difference (5) . The observed disparity in cancer incidence may also be the result of differences in reproductive and lifestyle factors, such as number of full-term pregnancies, alcohol consumption and menopausal hormone therapy use (2, 3, (6) (7) (8) .
Genome-wide association studies (GWAS) of breast cancer conducted in women of European or Asian descent have identified multiple risk-associated variants (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Some of these associations have been independently replicated in studies that included Hispanics (20) or African Americans (21, 22) . However, the previously published replication study in Hispanics did not evaluate the interaction between risk-associated variants and genetic ancestry, which is of great interest given the known heterogeneity in genetic ancestry among Hispanics (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) .
We investigated the association between 10 previously reported and confirmed genetic variants and risk of breast cancer in a combined sample of 7774 women (3077 NHW women and 4697 Hispanics from the USA and Mexico) that were pooled for the Breast Cancer Health Disparities Study. We compared the direction and strength of the associations with the different genetic variants in NHWs and in Hispanics classified according to three levels of IA ancestry.
Methods

Study subjects
The Breast Cancer Health Disparities Study (4) utilized DNA samples and data from two population-based case-control studies conducted in the USA: the 4-Corners Breast Cancer Study (4-CBCS) (35) and the San Francisco Bay Area Breast Cancer Study (6, 36) ; and a population-based multicenter case-control study conducted in Mexico (37) . Our analyses included 3077 NHWs from the USA and 4697 women of Hispanic and Indigenous origin living in the USA or Mexico. The study was approved by the Institutional Review Board for Human Subjects at each institution. All participants signed a written informed consent.
4-Corners Breast Cancer
Study. Details about the 4-CBCS have been published previously (35) . Briefly, this study recruited women residing in non-reservation areas in the states of Arizona, Colorado, New Mexico and Utah. Participants were NHW, Hispanic or IA women between 25 and 79 years of age with histological confirmed diagnosis of in situ or invasive breast cancer living in these areas at the time of diagnosis or selection between October 1999 and May 2004 (35) . Population-based controls were matched to cases based on ethnicity and 5 year age distribution. Participant information was collected in English or Spanish by trained interviewers using a structured questionnaire (38) (39) (40) . The present analysis included 1839 cases (603 Hispanics, 1236 NHWs) and 2059 controls (730 Hispanics, 1329 NHWs) with complete genotype data.
Mexico Breast Cancer Study. This population-based case-control study of breast cancer included Mexican women aged 35-69 years, who resided in Mexico for at least 5 years. Details of the study have been published previously (37) . Briefly, newly diagnosed cases were identified at 12 hospitals from the major healthcare systems in Mexico. The study included women with a histological confirmed new diagnosis of breast cancer (invasive or in situ) between 2004 and 2007. Controls were selected based on a probabilistic multistage sampling design that took into account the hospital's catchment area. Data collection included the administration of a structured questionnaire at the participant's home and collection of anthropometric measurements and a blood sample at the hospital. Part of the participant information was obtained with a questionnaire adapted from the one used in the 4-CBCS study. The present analyses included 812 Mexican cases and 989 controls with complete genotype data.
San Francisco Breast Cancer Study. Details about this population-based case-control study have been described elsewhere (6, 36) . Briefly, participating Abbreviations: 4-CBCS, 4-Corners Breast Cancer Study; CI, confidence interval; GWAS, genome-wide association study; IA, Indigenous American; LD, linkage disequilibrium; NHW, non-Hispanic white; OR, odds ratio; SNP, single nucleotide polymorphism. women aged 35-79 years resided in the San Francisco Bay Area when diagnosed with a first primary histologically confirmed invasive breast cancer between April 1999 and April 2002. Controls identified by random-digit dialing were frequency-matched to cases based on race/ethnicity and the expected 5 year age distribution of cases. Trained interviewers administered a structured questionnaire in English or Spanish and took anthropometric measurements. The present study included 943 cases (692 Hispanics and 251 NHWs) and 1132 controls (871 Hispanics and 261 NHWs) with complete genotype data.
Genetic data
Genotyping was conducted as part of the Breast Cancer Health Disparities Study aimed at evaluating the association between genetic variants in genes related to inflammation, hormones and energetic factors and risk of breast cancer in Hispanic and NHW women (4) . In addition, GWAS-identified single nucleotide polymorphisms (SNPs) associated with breast cancer risk in other populations (11, 12, 15, 16, 18) (published before the time during which the Breast Cancer Health Disparities Study SNP genotyping panel was designed) were genotyped for this analysis. Specifically, we genotyped rs13387042 in the 2q35 region (G/A), rs17157903 in 7q22 (C/T) within the RELN gene, rs2067980 in 5q11 (A/G) near the MRPS30 gene, rs2180341 in 6q22.1-q22.33 (A/G) within the RNF146 gene, rs2981582 in 10q26 (C/T) within the FGFR2 gene, rs3803662 in 16q12.1 (C/T) within the TOX3 gene, rs3817198 in 11p15.5 (T/C) within the LSP1 gene, rs7696175 in 4p14 (C/T) near the TLR1 gene, rs889312 in 5q11.2 (A/C) near the MAP3K1 gene and rs999737 in 14q23-q24.2 (C/T) within the RAD51L1 gene (Supplementary Material Table S1, available at Carcinogenesis Online). Additionally, 104 ancestry-informative markers were genotyped. Details about these ancestry-informative markers have been published previously (4) . All markers were genotyped using a multiplexed bead array assay based on GoldenGate chemistry (Illumina, San Diego, CA) attaining a genotyping call rate of 99%.
Statistical methods
As we have described previously (4), individual genetic ancestry was estimated using the program STRUCTURE (41) and a two-source population model, which provided higher levels of repeatability and correlation among runs compared with the three-founding populations model (4) . Estimates of IA ancestry were used as a continuous variable and also as a categorical three-level variable. For the latter, study participants were classified into one of three ancestry categories by level of percent IA ancestry using arbitrary cut-points based on the distribution of ancestry affiliation in the total population (low IA ancestry: ≤28%, intermediate IA ancestry: 29-70% and high IA ancestry: ≥71%) and the necessary minimum number of individuals per category to achieve sufficient statistical power, as we have reported previously (4) .
Differences between cases and controls or between women in the different ancestry categories, by age at diagnosis/recruitment, menopausal status and IA genetic ancestry, were tested using Student's t-tests (age and genetic ancestry) or Fisher's exact test (menopausal status).
SNP association and interaction with ancestry analyses. The association between genotypes and breast cancer risk was evaluated using logistic regression models adjusted for genetic ancestry (as a continuous variable), age at diagnosis or interview (5 year categories) and study (4-CBCS, Mexico Breast Cancer Study and San Francisco Breast Cancer Study). We also conducted stratified analyses to investigate the association of these genetic variants within each of the three ancestry categories (low IA ancestry: ≤28%, intermediate IA ancestry: 29-70% and high IA ancestry: ≥71%). We considered a statistically significant replication of a previously reported association to be any result with a P-value ≤ 0.05. In order to reduce the number of comparisons made, we only evaluated the heterogeneity of associations in Hispanics by ancestry category for those SNPs that showed significant associations in the replication analysis. For this latter analysis, we used logistic regression models that included an interaction term between genotypes and the three IA ancestry categories. When testing for interactions, we took a false discovery rate approach to define what results were considered statistically significant: We tested five hypotheses, which had their corresponding P-values (from the global test for the interaction term): P 1 , P 2 , …, P 5 . If P (1) ≤ P (2) ≤ … ≤ P (5) are the ordered P-values and k is the largest i for which P(i) ≤ i/m × q [where m is equal to the total number of P-values (five in this analysis) and q is the specified false discovery rate (0.05)]; all i = 1, 2, …, k are considered statistically significant at a false discovery rate of 5% (42, 43) . We also evaluated whether the interaction with genetic ancestry was observed when ancestry was defined as a continuous variable (and therefore without the arbitrary cut-points). Finally, we tested the association between the cumulative number of at-risk alleles in NHW and Hispanics in the three ancestry categories. To create this variable, we defined the subgroup-specific risk allele based on the stratified association results. For example, for the low IA ancestry groups, the risk allele for rs7696175 is the opposite allele compared with that for the intermediate and high categories.
All analyses were performed using STATA 11 (44) . For all the genetic analyses that involved a distinction between NHW and Hispanics, we excluded 121 NHW women that had more than 10% IA ancestry.
Results
The study included 7774 participants from three case-control studies (3594 cases and 4180 controls). Table I shows genetic ancestry characteristics of the study participants. Among Hispanics, average IA genetic ancestry was lower among cases compared with controls in the San Francisco Breast Cancer Study and Mexico Breast Cancer Study. As expected, IA ancestry was equally low (~4%) among women who self-reported their ethnicity as NHW. Among women who self-reported being Hispanic, the proportion of postmenopausal women in the three studies was similar (~60%) and slightly smaller than the proportion in NHWs (~70%).
The genotype analysis included a total of 7653 women (2956 NHW and 4697 Hispanic). Of the 10 SNPs, 2 were associated with breast cancer risk in both Hispanics and NHWs (rs2981582 in FGFR2 and rs3803662 in TOX3) (Table II) . The odds ratio (OR) estimates for the variants in the FGFR2 and TOX3 genes were homogeneous across populations and ancestry groups and the magnitude of associations among all women combined was similar to those previously reported [FGFR2 OR for rare allele heterozygous: 1.17 (95% CI = 1.06-1.30) and TOX3 OR: 1.24 (95% CI = 1.12-1.36)] (Table II) . However, the Mantel-Haenzel test of homogeneity between studies was statistically significant for the TOX3 variant (OR for trend test in 4-Corners Breast Cancer Study 1.01, Mexico Breast Cancer Study 1.08 and San Francisco Breast Cancer Study 1.72, P = 0.0008). Three other variants were not statistically significantly associated in NHWs, but were associated among Hispanics, with heterogeneous associations across the three genetic ancestry categories and no statistically significant heterogeneity observed between studies (Table II) . Specifically, rs13387042 (2q35) was positively associated among all Hispanic women combined (P trend < 0.01) and among those with intermediate (P trend < 0.01) or high (P trend < 0.01) IA ancestry, but no association was observed among Hispanic women with low IA ancestry (P trend = 0.45, test of heterogeneity P = 0.02). Similarly, rs7696175 (4p14, TLR1) was positively associated among all Hispanic women combined (P trend < 0.01) and among those with intermediate (P trend < 0.01) or high (P trend < 0.01) IA ancestry, but not among Hispanic women of low IA ancestry or among NHW women (test of heterogeneity P = 0.03). The rs17157903 (7q22, RELN) variant was inversely associated with breast cancer risk among all Hispanic women combined (P trend = 0.02) and among Hispanic women of low IA ancestry (P trend = 0.04), but positively associated among Hispanic women with high IA ancestry (test of heterogeneity P = 0.03) (Table  II) . The test of interaction between this SNP and IA ancestry was statistically significant at a false discovery rate of 5%. Interaction tests that defined genetic ancestry as a continuous variable were consistent with those observed for the categorical variable (Table II) . Given that the magnitude and direction of the associations for Hispanic women with low IA ancestry and NHW women were generally similar, we tested the associations by ancestry categories pooling NHWs with Hispanics of low IA. Results were similar to those for NHW women only ( Supplementary Table S2 , available at Carcinogenesis Online). Results of analyses stratifying by menopausal status were not statistically significant after adjustment for multiple comparisons ( Supplementary Table S3 , available at Carcinogenesis Online).
Finally, we compared the cumulative effect of risk-associated alleles between NHW and Hispanic women in the three ancestry categories. To make these analyses more precise, we only included the five replicated SNPs. As expected, we observed increased odds of breast cancer among women who carried a larger number of risk-associated variants compared with those with fewer risk variants (Table  III) . The association appeared to be stronger among women who had either intermediate or high IA ancestry compared with women with low IA ancestry (Table III) . However, it should be noted that associations for the self-reported Hispanic low IA ancestry group were Breast cancer genetic risk heterogeneity among Hispanics imprecise given few women were in this category. The distribution of the cumulative number of risk alleles varied by ancestry group (Figure 1) , and therefore, in the case of women with high IA ancestry, there were not enough individuals with a large number of risk alleles (>6) to adequately estimate the magnitude of the association at the upper level of at-risk alleles. As we did for the genotype analyses, we also tested the associations by ancestry categories combining NHW women with Hispanics of low IA ancestry; results for the low IA category of this latter analysis were similar to those previously obtained for the NHW and low IA self-reported Hispanics, but achieved higher statistical significance due to the larger sample size ( Supplementary  Table S4 , available at Carcinogenesis Online).
Discussion
We evaluated the association between breast cancer case-control status and 10 SNPs previously reported to be associated with the disease, in a large sample of US NHW, US Hispanic and Mexican women. Five of the SNPs replicated among Hispanics (SNPs on or near genes: FGFR2, TOX3, TLR1, RELN and one in region 2q35) and two of those five replicated in NHWs (SNPs on FGFR2 and TOX3). We also found that among Hispanics, the SNPs within TLR1, RELN and the 2q35 region showed evidence of heterogeneity by level of IA ancestry. In general, associations for Hispanic women with low IA genetic ancestry were similar in magnitude and direction to those in NHW women. For SNPs within the 2q35 and TLR1 regions, stronger associations were observed among women with high IA ancestry compared with those with low IA ancestry. For the SNP within the RELN region, we observed a more complicated pattern: an inverse association in Hispanic women, but when stratifying into three ancestry categories, the inverse association was limited to women with low IA ancestry, whereas a positive association was found in women with high IA ancestry. When we considered the cumulative effect of multiple risk alleles, overall, the associations were stronger among women with intermediate to high levels of IA ancestry and similar in Hispanic women with low IA ancestry and NHW women. To our knowledge, this is the first study with sufficient variation in IA ancestry to evaluate the associations between breast cancer risk and GWASidentified risk alleles considering heterogeneity by genetic ancestry. Only 2 out of 10 SNPs replicated in NHW women despite the fact that the original GWAS were conducted in women of European ancestry. A possible reason might be lack of power in our study, since most GWAS in Europeans included larger sample sizes to compensate for adjustment for multiple comparisons. However, some of the SNPs that we analyzed have been reported to show ORs of 1.2 and our study was powered to detect associations of that magnitude. Another possibility is heterogeneity among the different studies in terms of the proportion of women included with a family history of breast cancer (18) , premenopausal versus postmenopausal status (12) and tumor hormone receptor status (45, 46) . If these and other demographic and lifestyle factors are important effect modifiers of reported SNP associations, the ability to replicate associations in different studies could be compromised. It should be noted that most studies have identified different SNPs as important predictors of risk, highlighting the difficulty in identifying a common set of SNPs that might be useful to predict individual risk at the population level.
One possible explanation for the observed heterogeneity of the association between GWAS-identified SNPs and breast cancer risk by genetic ancestry is that estimates of genetic ancestry might be acting as a proxy for non-genetic risk factors that we did not consider in our models. If this were the case, then the observed heterogeneity might be reflecting gene by environment interactions. Studies done to date among women of European descent do not seem to support this possibility (47, 48) , but the environmental exposures may be different in Hispanic populations and future research among Hispanics is required to evaluate this explanation further. Alternatively, the heterogeneity we found may be due to variation in the linkage disequilibrium (LD) patterns among Hispanics of different genetic ancestry. The majority of the SNPs discovered through GWAS were identified in European or Asian populations and have not been confirmed as risk alleles L.Fejerman et al. 43 (1.15-1.77) 1.49 (1.26-1.77 for rs17157903, the OR for heterozygous was 1.74 (95% CI = 0.79-3.81); for rs7696175, the OR for rare allele homozygous was 2.82 (95% CI = 1.27-6.28). Table II . Continued among Hispanic women. In particular, some of the reported SNPs are in intergenic regions, such as is the case of the SNP on 2q35. Their association with breast cancer risk could be due to LD between that variant and the true causal locus. Different LD patterns in populations with different genetic background could influence our ability to detect these associations. This could lead to heterogeneous associations because LD might be tighter in one group compared with another, or the two alleles could be differently linked with the causal variant in the two groups (49) . This suggests that additional genotyping and/ or sequencing within the three regions that showed evidence of heterogeneity may help to identify the causal variants using an approach such as the ancestry-shift refinement mapping (49) . Finally, it is also possible that the differences in the magnitude and direction of the observed associations are due to real heterogeneity in the effect of risk variants between different populations because of differential genetic and epigenetic interactions that influence susceptibility. Regardless of the interpretation, our results suggest that common variants associated with breast cancer risk in Europeans or Asians might have different effect sizes in other population groups. Moreover, our analyses suggest that among admixed populations, such as Hispanics, consideration of ancestry proportions might be relevant to understand the true associations between risk variants and disease risk.
Even though this combined sample of Hispanic breast cancer cases and controls with genotype data is the largest compiled to date, there are limitations that need to be acknowledged. Due to the lack of information on tumor characteristics for cases from Mexico, we were unable to consider factors such as stage and hormone receptor status with the broader range of admixture. Additionally, we used arbitrary cut-points to define the three ancestry categories on the basis of the minimum necessary number of individuals per category that would provide enough power for the analyses (4). However, gene by ancestry interaction analyses done using genetic ancestry defined as a continuous variable (therefore freed from the arbitrary cut-points of the ancestry categories) showed results that were consistent with those observed with the categorical ancestry variable. Therefore, our choice of arbitrary cut-points is unlikely to have introduced a bias.
In conclusion, our results suggest that the degree of IA genetic ancestry modifies the magnitude and direction of associations with currently known breast cancer risk variants among Hispanic women. Thus, it is important to consider genetic ancestry to elucidate the observed ethnic disparities in breast cancer risk.
